Research in contextMucous secretion accumulation in the airways may be a contribution for the development of airflow limitation of severe fetal asthma. Accumulating evidence suggests that autophagy plays important roles in asthma. Here, we confirmed the importance of TGF-β3-induced autophagy in mucus hypersecretion in asthma. Smad2/3 is confirmed as a regulator for TGF-β3-induced autophagy accompanied by mucus hyper-secretion, which is likely involved in activator protein-1 (AP-1) pathway. Our study indicates that autophagy is required for TGF-β3 induced airway mucous hyper-production, and that inhibition of autophagy exerts therapeutic benefits for TGF-β3 induced airway inflammation and airway mucous secretion.

1. Introduction {#s0005}
===============

Asthma has become a global health issue affecting approximately 1--18% of the world population \[[@bb0005]\]. By the year 2025, it is estimated that \>100 million individuals suffer from asthma \[[@bb0010]\]. Airway epithelial barrier fragility is central to the pathogenesis of asthma \[[@bb0015]\]. Repeated epithelial injury and repair contributed to histological changes and functional abnormalities in the airway mucosal epithelium \[[@bb0020]\]. Airway remodeling involves airflow obstruction which results from mucus hyper-secretion and impaired mucus transport \[[@bb0025], [@bb0030]\], subsequently becoming important pathological features of severe asthma and even fetal asthma \[[@bb0035]\]. Goblet cells are the major secretory cells involved in airway epithelium \[[@bb0040]\]. Abnormalities in the goblet cell number are accompanied by changes in stored and secreted mucus \[[@bb0030]\]. The mucin glycoproteins are the major macromolecular components of mucus. Among these 14 mucins, MUC5AC and MUC5B are the major gel-forming mucins \[[@bb0040]\]. MUC5AC is produced in the goblet cells from the surface epithelium, while MUC5B is largely produced in the sub-mucosal glands \[[@bb0030]\]. MUC5AC is upregulated by a wide variety of environmental and host factors relevant to chronic inflammatory airway diseases, including proteases, microbes, reactive oxygen species, air pollutants, cigarette smoke and cytokines \[[@bb0040]\]. Interleukin 13 (IL-13), a central mediator of asthma, upregulates MUC5AC via mitogen-activated protein kinase 13 (MAPK13), MEK/EKR1/2 and STAT6/SPDEF signaling pathways \[[@bb0045], [@bb0050]\].

Transforming growth factor beta (TGF-β) is produced in the airway by inflammatory cells infiltrated in the bronchial mucosal, as well as by structural cells of the airway wall including epithelial and endothelial cells \[[@bb0055]\]. Increased levels of TGF-β were observed in the bronchoalveolar lavage fluid of asthmatic patients \[[@bb0055]\]. Several studies have demonstrated that TGF-β isoforms participated in the regulation of airway inflammation and remodeling process \[[@bb0060], [@bb0065]\], especially mucus hyper-secretion in the airway epithelial cells \[[@bb0070], [@bb0075], [@bb0080], [@bb0085]\]. TGF-β1 was identified as an important factor in the regulation of MUC5AC through Smad4 and Sp1 in a co-operative manner to transactivate *Muc5ac* promoter activity \[[@bb0070]\]. However, there is a distinct observation that TGF-β1-Smad3/4 signaling act as a negative regulator for nontypeable haemophilus influenzae-induced MUC5AC transcription via a MAPK phosphatase-1-dependent inhibition of MAPK14 \[[@bb0075]\]. In addition, the topic of the effect of TGF-β2 isoform on MUC5AC expression is also controversial. A previous study has showed that TGF-β2 caused a decrease in both MUC5AC and MUC5B mRNA and protein in human bronchial epithelial (HBE) cells, which also could partially reduce IL-13-induced MUC5AC mucin production through Smad4 binding to *MUC5AC* promoter \[[@bb0085]\]. Another study suggested that IL-13 could induce TGF-β2 expression in vitro and the argument TGF-β2 could promote mucin expression in airway epithelial cells \[[@bb0080]\]. TGF-β3 isoform in house dust mite (HDM) model is implicated in the development of a severe phenotype of chronic airway remodeling \[[@bb0065]\]. However, there is a little direct and clear evidence that focused on whether TGF-β3 could regulate MUC5AC expressions.

Autophagy pathway induced by several environment factors such as respiratory infection, smoking, pollutants etc. contribute to the severity of asthma, affecting the pathological process of asthma \[[@bb0090], [@bb0095]\]. Excessive autophagy plays an essential role in airway mucus hyper-secretion and airway remodeling in chronic lung diseases \[[@bb0100], [@bb0105]\]. Depletion autophagy elements could block MUC5AC hyper-expression induced by cytokines or environment factors \[[@bb0095], [@bb0100], [@bb0110]\]. Autophagy pathway is required for both IL-13-mediated MUC5AC secretion and reactive oxygen species (ROS) activity in the airway bronchial epithelial cells \[[@bb0100]\]. And the underlying mechanism of IL-13-mediated increase in superoxide levels is that autophagy pathway could direct Dual oxidase 1 (DUOX1) to the apical surface of the airway epithelium \[[@bb0115]\]. Interleukin 4 (IL-4), a key effector Th2 cytokine in allergic asthma, was critical for autophagy induction in B cells and hence sustained B cell survival that enhanced IgE production and antigen presentation \[[@bb0120]\]. TGF-β1 can promote autophagy in different cell types, including cancer cell lines and lung fibroblasts, which has shown a response to promoting cells invasion, epithelial-mesenchymal transition (EMT) and the synthesis of extracellular matrix proteins \[[@bb0125], [@bb0130], [@bb0135], [@bb0140]\]. TGF-β1 may regulate autophagy through pRb/E2F1-dependent transcriptional activation of multiple autophagy-related genes in cancer cell lines of various origins \[[@bb0145]\]. TGF-β1 also activates protective autophagy by AEG-1 association with promoting EMT \[[@bb0135]\]. Moreover, upregulation of autophagy was accompanied by TGF-β1 hyper-production \[[@bb0105]\]. TGF-β2 could initiate autophagy to promote glioma cells\' invasion via Smad and JNK pathway \[[@bb0150]\]. However, whether TGF-β3 induces autophagy and this process involved in regulation of mucus hyper-secretion remains unclear.

We hypothesized that TGF-β3 could induce autophagy and regulate mucus secretion. Hence, pharmacological and genetic experiments are conducted to address the molecular mechanisms mediating the effects of autophagy in TGF-β3 induced mucus secretion. Our results demonstrated that TGF-β3 isoforms trigger autophagy activity and autophagy flow via Smad2/3 activity, which is essential for TGF-β3 in modulating MUC5AC expression. During this process, the activation of activator protein-1 (AP-1) was also involved in as a downstream of TGF-β3-induced autophagy in regulation of MUC5AC expression. These study suggesting that autophagy pathway play a role in TGF-β3-modulation MUC5AC expression in airway bronchial epithelial cells.

2. Materials & Methods {#s0010}
======================

2.1. Reagents {#s0015}
-------------

mCherry-EGFP-LC3 lentivirus vectors, ATG5-siRNA lentivirus vectors and BECN1-siRNA lentivirus vectors were purchased from GeneChem Technology (Shanghai, China). The control siRNA, Smad2/3 siRNA and c-Jun siRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). 3-methyladenine (3-MA, M9281) was purchased from Sigma-Aldrich. Bafilomycin A1 (Baf A1; S1413) was purchased from Selleck. TGF-β1 ELISA reagents (MB100B) and TGF-β2 ELISA reagents (MB200) were purchased from R&D systems. TGF-β3 ELISA reagents (*E*-EL-M1192) was purchased from Elabscience Biotechnology. Recombinant human TGF-β1 (100-21) and recombinant human TGF-β3 (100-36E) were purchased from PeproTech.

2.2. Animal Models {#s0020}
------------------

Female C57BL/6 J mice at 6 to 8 weeks of age under specific pathogen-free conditions were purchased from Tengxin Biotechnology Co., Ltd. (Chongqing, China). All mice were maintained in a specific pathogen-free facility in the Animal Experimental Center of Southwest Medical University. All experimental protocols were approved by and performed in accordance with the guidelines of the Committee of Animal Experiments Center of Southwest Medical University and the National Institute of Health guidelines on the care and use of animals.

To establish a mouse model of allergic airway inflammation, mice were intraperitoneally sensitized on days 1 and 8 with 20 μg ovalbumin (OVA) and 1 mg aluminum hydroxide. From day 15 to 21, the mice were challenged by intratracheal instillation 10 μg OVA (in 50 μl PBS) per day for 7 d \[[@bb0155]\]. Control groups were given PBS alone. 3-MA (1 g/kg body weight) was given to each mice by intragastric administration 2 h before the challenge with OVA in OVA-3-MA mice. Mice were sacrificed 48 h after the last challenge. For bronchoalveolar lavage fluid (BALF), the lungs were slowly lavaged five times with 0.8 ml PBS. Then the total number of BALF cells was counted. Smears of bronchoalveolar lavage cells were fixed and stained with Wright-Giemsa stain (Leagene, DM0007), and differential counts were determined by counting 200 total cells.

2.3. Measurement of Airway Hyperresponsiveness {#s0025}
----------------------------------------------

Evaluations of airway hyperresponsiveness (AHR) were performed as previously described \[[@bb0160]\]. Twenty-four hours after the final challenge, whole body plethysmography (Buxco Europe Ltd., Winchester, UK) was used to assess total respiratory system resistance after administration of increasing doses of methacholine (0, 6.25, 12.5, 25, and 50 mg/ml). Data are reported as peak Penh values.

2.4. Histological Analyses {#s0030}
--------------------------

The lungs of mice were collected and fixed in formalin. These Specimens were then embedded in paraffin and stained with hematoxylin and eosin (H&E) or periodic acid-Schiff (PAS) following standard protocols. Inflammation was assessed using previously described methods \[[@bb0165]\].

2.5. Immunohistochemistry (IHC) {#s0035}
-------------------------------

IHC assay was performed using antibodies to TGF-β1 (1:200; Santa Crus, SC-146), TGF-β2 (1:200; Santa Crus, SC-90) or TGF-β3 (1:200; Santa Crus, SC-82) according to the manufacturer\'s instructions by Specialized Histopathology Laboratory of Affiliated Hospital of Southwest Medical University using the Envision detection kit (Dako, K5007). The stained slides were analyzed with microscope (Leica, Germany).

2.6. Cell Culture, Transfection and Lentiviral Transduction {#s0040}
-----------------------------------------------------------

Human bronchial epithelial cells (16HBE cells) were used in our study \[[@bb0165]\]. These cells were cultured in Dulbecco\'s modified Eagle\'s medium (HyClone, SH30022.01) supplemented with 10% fetal bovine serum (FBS) at 37 °C in a humidified 5% CO~2~ atmosphere. Cells were plated at 1.5 × 10^5^--2 × 10^5^ per ml in 6-well plates in antibiotic-free medium and transfected the following day with siRNA using Lipofectamine 2000 according to the manufacturer\'s standard protocol. The infection media was changed 6--8 h after transfection. 16HBE cells (2 × 10^5^/ml) were transduced with lentivirus at a multiplicity of infection (MOI) of 5--10 in 8 μg/ml polybrene (Sigma-Aldrich, H9268). Viral supernatant was exchanged for fresh media 12 h after inoculation. To generate stable cDNA expressing cell lines, the infected cells were selected with 1 μg/ml puromycin. To explore the role of TGF-β3 in autophagy and MUC5AC hyper-expressions, the cells were treated with TGF-β3 at concentrations of 0, 2.5, 5, and 10 ng/ml for a certain time (see Figure Legends). To explore the role of autophagy in MUC5AC hyper-expressions, the cells were co-treated with 3-MA (or Baf A1), and the final concentrations in the culture medium were 5 μM (10 nM for Baf A1).

2.7. Real-Time PCR {#s0045}
------------------

Total RNA was isolated with TRIzol Reagent (Invitrogen), and cDNA was synthesized using PrimeScript™ RT Master Mix (Takara, China). The real-time PCR (RT-PCR) analysis was performed with SYBR Advantage qPCR Premix (Clontech, USA). Primer sequences are listed in the Supplemental Table S1.

2.8. Western Blotting {#s0050}
---------------------

Western Blotting was performed using standard methods. After treatment with the indicated drugs, cells were washed with cold PBS and lysed in RIPA buffer (Thermo Fisher Scientific, 87787) supplemented with protease inhibitors cocktail and phosphatase inhibitor cocktail (Thermo Fisher Scientific, 78420). Lysates were centrifuged at 12,000 ×*g* for 15 min at 4 °C, and protein concentrations were determined by BCA assay (Beyotime, P0010). Proteins (30 μg) were electrophoresed on 10--12% SDS-PAGE and transferred onto a polyvinylidene difluoride membranes (Merck Millipore, ISEQ00010). After blocking with 5% skim milk in Tris-buffered saline for 2 h, the membrane was incubated with the primary antibodies for overnight at 4 °C. The following primary antibodies were used: LC3B antibody (1:1000; Sigma-Aldrich, L7543), BECN1 antibody (1:1000; MBL, PD017), ATG5 antibody (1:1000; Sigma-Aldrich, A0856), SQSTM1 antibody (1:1000; MBL, PM045), Smad2 antibody (1:800; CST, 5339S), phospho-Smad2 antibody (1:800; CST, 3108S), Smad3 antibody (1:1000; Abcam, ab28379), phospho-Smad3 antibody (1:800; Abcam, ab52903), c-Jun antibody (1:800; CST, 9165S), phospho-c-Jun antibody (1:800; CST, 3270S), GAPDH antibody (1:1000; CST, 97166S). Secondary antibodies were labeled with HRP and the signals were detected using ECL Kit (Biorad, 170-5061).

2.9. Immunofluorescence Microscopy {#s0055}
----------------------------------

For immunofluorescence (IF) analysis, cells were plated in the chamber slides and sections of lung tissues were fixed with 4% formaldehyde, and permeabilized with 0.3% Triton X-100 in PBS for 10 min at room temperature. After blocking with 1% BSA, the specimens were incubated with primary antibodies to MUC5AC (1:100; Abam, ab24070) or LC3B (1:100; Sigma-Aldrich, L7543) overnight at 4 °C. Subsequently, Alexa Fluor 555 or Alexa Fluor 488 conjugated secondary antibody (1:500; Invitrogen, A32727, A32732, A28175) was used to probe the primary Ab. DAPI was used for nuclear staining. IF samples were then imaged and quantitated using SP5 Leica confocal microscope with Leica Application Suite Software (Version number: 14.0.0.162, Leica, German).

2.10. Statistical Analysis {#s0060}
--------------------------

Statistical analyses were carried out using SPSS 16.0 software. All data are presented as *mean* ± *s.d.* Statistically significant differences were determined by one-way ANOVA test, Student\'s *t*-test and nonparametric Mann-Whitney test. *P* values \<0.05 were considered statistically significant.

3. Results {#s0065}
==========

3.1. Autophagic Inhibition Ameliorated Airway Hyper-Responsive and Mucus Hyper-Secretion in Allergic Mice {#s0070}
---------------------------------------------------------------------------------------------------------

Autophagy plays an essential role in lung diseases and in the pathogenesis of asthma \[[@bb0170]\]. Airway inflammation, airway hyperresponse and airway mucus hyperproduction have played a central role in the development of asthma \[[@bb0065]\]. Severe asthma patients manifest higher levels of autophagic activation than healthy persons \[[@bb0175]\]. 3-methyladenine (3-MA), a class III group of phosphoinositide 3-kinase (PI3K) inhibitors, that has been widely used as autophagy inhibitor in the studies of autophagy related pathways \[[@bb0180]\]. In the present study, we used 3-MA to prove that the autophagy pathway possibly affected the pathological progression of allergic airway inflammation in the mice models ([Fig. 1](#f0005){ref-type="fig"}a). The bronchial airway hyper-response has been markedly elevated in the mice that are repeatedly exposed to OVA. The mice were treated with methacholine with the concentrations of 12.5 mg/ml, 25 mg/ml and 50 mg/ml, especially with 50 mg/ml. However, the airway response were declined in the mice exposed to OVA in addition to 3-MA compared with the mice exposed to OVA, when the mice were atomized with methacholine ([Fig. 1](#f0005){ref-type="fig"}b). Also the cell counts were detected in the alveolar lavage fluid of the mice. Interestingly, the total cells were declined in the allergic mice models together treated with 3-MA. The neutrophil as well as eosinophil (EOS) cell counts of BALF are obviously increased in the allergic mice models when exposed to OVA than the cell counts of BALF in the mice exposed to PBS. Moreover, 3-MA could decrease OVA induced neutrophil cell counts and EOS cell counts in the BALF ([Fig. 1](#f0005){ref-type="fig"}c). Thus, these results suggested that 3-MA could relieve OVA-induced airway inflammation. This conclusion was proved by HE staining of the airway in the mice. In the present study, we found less inflammatory cell infiltration around the airway in the mice exposed to OVA in addition to 3-MA treatment than in the mice exposed to OVA. Quantification of airway inflammation index also proved that 3-MA suppressed OVA-induced inflammation ([Fig. 1](#f0005){ref-type="fig"}d--e).Fig. 1Autophagic inhibition ameliorated airway hyper-responsive and mucous hyper-secretion in allergic mice model. (a) Schematic diagram of the experimental protocol for sensitization and challenge with OVA. (b) Airway hyperresponsiveness was measured using plethysmographs at 24 h after the final challenge. (c) Quantification of inflammatory cell infiltration in BALF was performed by Wright-Giemsa stain. (d-e) Representative images of H&*E*-stained lung tissue sections of PBS-mice, OVA-mice, 3-MA-mice and 3-MA-OVA-mice. The inflammatory index demonstrated inflammatory cell infiltration, which were statistically analyzed by non-parametric Kruskal-Wallis test. (f-g) Representative images of PAS-stained lung tissue sections of PBS-mice, OVA-mice, 3-MA-mice and 3-MA-OVA-mice. The goblet cell percentage was quantified in 10 random fields. (h-i) Representative immunofluorescence images of Muc5ac protein in lung tissues of PBS-mice, OVA-mice, 3-MA-mice and 3-MA-OVA-mice. Quantitation of fluorescence intensity of Muc5ac in 10 random fields. (j) Real-time PCR was performed to detect the expression of *Muc5ac* gene. (k) The expression of LC3B was detected using western blot assays. (l) Relative changes in the density of LC3B II. (m-n) Representative immunofluorescence images of LC3B protein in lung tissues of PBS-mice, OVA-mice, 3-MA-mice and 3-MA-OVA-mice. Quantitation of fluorescence intensity of LC3B in 10 random fields. Data are representative of three independent experiments and are presented as *means* *±* *s.d*. *\*P* *\<* *0.05, \*\*P* *\<* *0.01, \*\*\*P* *\<* *0.001,* determined by one-way ANOVA with Tukey-Kramer pos*t*-test.Fig. 1

In addition, the goblet cell and mucus secretion were also reduced by 3-MA. The total area of periodic acid-Schiff (PAS) staining measured as a percent of total airway epithelium in the mice exposed to OVA and revealed greater goblet cell and mucus secretion than control mice exposed to PBS. However, the total area of PAS staining measured as a percent of total airway epithelium in the mice exposed to OVA in addition with 3-MA was smaller than the mice exposed to OVA ([Fig. 1](#f0005){ref-type="fig"}f--g). Consistent with the airway PAS staining results, the mice exposed to OVA in the presence of 3-MA reduced Muc5ac expression. In mice exposed to OVA, immunofluorescence staining of the airway Muc5ac showed significant increase than control mice exposed to PBS, suggesting that 3-MA reversed OVA-induced Muc5ac hyper-expression ([Fig. 1](#f0005){ref-type="fig"}h--i). Moreover, 3-MA could significantly reduce OVA-indcued *Muc5ac* gene expression ([Fig. 1](#f0005){ref-type="fig"}j).

As anticipated, western blotting results showed that the levels of microtubule-associated protein 1 light chain 3β II (LC3B-II) were markedly enhanced in the lung tissues of the mice exposed to OVA than those exposed to OVA in addition to 3-MA ([Fig. 1](#f0005){ref-type="fig"}k--l). Additionally, the levels of SQSTM1 protein were significantly reduced in the lung tissues of the mice exposed to OVA than those of control mice treatment with PBS. Moreover we observed that the reduction of LC3B-II protein expression treatment with 3-MA correlated with the increased protein levels of SQSTM1 ([Fig. 1](#f0005){ref-type="fig"}k--l). Simultaneously, immunofluorescence staining of LC3B was greater in the airway of the mice exposed to OVA than control mice exposed to PBS. But 3-MA treatment relieved LC3B expression of OVA-induced airway by immunofluorescence staining and quantified immunofluorescence intensity of LC3B showed consistent results ([Fig. 1](#f0005){ref-type="fig"}m--n). These results suggest that autophagic pathway plays a role in allergic airway inflammation mice. Autophagy activation may contribute to the hyper-responsiveness, inflammation and mucus secretion of the airway.

3.2. TGF-β3 Activated Autophagy of Airway Epithelial Cells {#s0075}
----------------------------------------------------------

Elevated levels of TGF-β was correlated with epithelial layer damage, goblet cell hyperplasia and induced apoptosis in airway epithelial cells \[[@bb0185]\]. In the present study, an increased expression of TGF-β3 was observed in the lung tissues of the mice exposed to OVA than the mice exposed to PBS ([Fig. 2](#f0010){ref-type="fig"}a). Despite increased expression of TGF-β3 in the lung tissues of mice treated with OVA, BALF from these mice actually contained greater TGF-β3 production as compared to mice in the presence of PBS ([Fig. 2](#f0010){ref-type="fig"}b). We also have found a markedly increasing in the expression of TGF-β1 and TGF-β2 in the lung tissue of the mice exposed to OVA (Fig. S1a). Consistent with the results, the expression of TGF-β1 and TGF-β2 were up-regulated in the BALF of the mice exposed to OVA (Fig. S1b-S1c). But 3-MA have no effect on the expression of TGF-β isoforms respectively both in the lung tissues and in the BALF of the mice exposed to OVA ([Fig. 2](#f0010){ref-type="fig"}a--b, Fig. S1a-S1c). A previous study have demonstrated that TGF-β1 could induced epithelial-to-mesenchymal transition (EMT) via activating autophagy \[[@bb0135]\]. These findings suggested that OVA treatment induced autophagy and TGF-β3 hyper-expression. However, there is little study involvement in the effect of TGF-β3 on autophagy in asthma. So, we also determined whether TGF-β3 was dependent on autophagy pathway for pathological development of asthma. The effect of TGF-β3 on LC3B by immunoblotting was monitored firstly. Results revealed that TGF-β3 could increase the levels of LC3B II when treated at concentrations of 2.5 ng/ml, 5 ng/ml and 10 ng/ml but not at 0 ng/ml in 16HBE cells ([Fig. 2](#f0010){ref-type="fig"}c--d). Moreover, TGF-β3-mediated LC3B II demonstrated a concentration dependent increase at 10 ng/ml ([Fig. 2](#f0010){ref-type="fig"}d). In addition, Western blotting analysis demonstrated a time-dependent induction of LC3B II by TGF-β3 in 16HBE cells. We observed that prolonged treatment with TGF-β3 for 24 h significantly increased LC3B II to GAPDH ratio in 16HBE cells ([Fig. 2](#f0010){ref-type="fig"}e--f). Consistent with these consequences, we found that BECN1 and ATG5 are also increased in the presence of TGF-β3 at 10 ng/ml for 24 h. Also SQSTM1 have manifested a decreasing trend induced by TGF-β3 ([Fig. 2](#f0010){ref-type="fig"}c--f). We further confirmed these findings by transfecting 16HBE cells with mCherry-EGFP-LC3 lentivirus. Results showed an increased autophagy flux when treated with TGF-β3 ([Fig. 2](#f0010){ref-type="fig"}g--h), suggesting that TGF-β3 was capable of stimulating autophagy.Fig. 2TGF-β3 activated autophagy of airway epithelial cells. (a) Representative immunohistochemistry of TGF-β3 proteins in lung tissues from PBS-mice, OVA-mice, 3-MA-mice and 3-MA-OVA-mice. (b) TGF-β3 in BALF was detected by ELISA. (c-d) 16HBE cells were treated with different concentrations of TGF-β3 for 24 h. Autophagy and target proteins were detected by western blotting in 16HBE cells. (e-f) 16HBE cells were treated with 10 ng/ml TGF-β3 at indicated time points. Autophagy and target proteins were detected by western blotting in 16HBE cells. (g) 16HBE cells that stably expressed mCherry-EGFP-LC3 fusion protein were treated with TGF-β3. In green and red-merged images, autophagosomes are shown as yellow puncta (i.e.,mCherry^+^EGFP^+^), while autolysosomes are shown as red puncta (i.e.,mCherry^+^EGFP^−^). Autophagic flux was increased when both yellow and red puncta are increased in the cells. Confocal microscopic analysis was shown (2000× magnification). Bar scale, 5 mm. (h) Quantification of the number of LC3 puncta (each group *n* = 10 images for quantification). Data are representative of three independent experiments and are presented as *means* *±* *s.d*. *\*P* *\<* *0.05, \*\*P* *\<* *0.01, \*\*\*P* *\<* *0.001,* determined by Student\'s t-test.Fig. 2

3.3. Autophagy is Required for TGF-β3-Induced Elevation of Mucin MUC5AC Levels in 16HBE Cells {#s0080}
---------------------------------------------------------------------------------------------

As known to all, mucus hyper-secretion contributes to multiple clinical abnormalities in patients with asthma. MUC5AC was predominantly produced in the secretory cells present on the airway surface \[[@bb0190]\]. TGF-β1 was identified as an important factor in the regulation of MUC5AC \[[@bb0070], [@bb0075]\]. We have found that TGF-β1 could induce MUC5AC expression in 16HBE cells (Fig. S2a-S2b). There were little reports demonstrating that TGF-β3 could induce mucus secretion in 16HBE cells. In the present study, we found that TGF-β3 not only induced autophagy, but also up-regulated the expression of MUC5AC (Fig. S2c-S2d). These results implied that autophagy has a connection with elevated MUC5AC expressions in TGF-β3-mediated 16HBE cells. So, we studied the function of autophagy in the regulation of TGF-β3-induced mucus production by knock down of autophagy proteins ATG5 or BECN1, respectively ([Fig. 3](#f0015){ref-type="fig"}a--d). Results revealed that ATG5 and BECN1 siRNAs not only blocked the induction of LC3B II but also dramatically inhibited the upregulation of MUC5AC induced by TGF-β3 ([Fig. 3](#f0015){ref-type="fig"}a--f). Simultaneously, blockade of ATG5 or BECN1 significantly reduced the mRNA levels of *MUC5AC* gene ([Fig. 3](#f0015){ref-type="fig"}g). Then, 16HBE cells treated with TGF-β3 combined with 3-MA, an autophagy inhibitor ([Fig. 3](#f0015){ref-type="fig"}h). Addition of 3-MA blocked TGF-β3-induced upregulation of LC3B II and simultaneously increased SQSTM1 protein expression in 16HBE cells ([Fig. 3](#f0015){ref-type="fig"}h--i). Consistent with these findings, the protein levels and the mRNA expression of MUC5AC were also reduced in 16HBE cells treated with TGF-β3 and 3-MA ([Fig. 3](#f0015){ref-type="fig"}l--n). Furthermore, we treated 16HBE cells with Baf A1, an autophagy lysosomal inhibitor ([Fig. 3](#f0015){ref-type="fig"}j). Baf A1 treatment with TGF-β3 led to a markedly elevated expression of LC3B II by western blot analysis compared with TGF-β3 treatment or Baf A1 treatment ([Fig. 3](#f0015){ref-type="fig"}j--k). In addition, the decrease in SQSTM1 levels caused by TGF-β3 was effectively reversed by BafA1 cotreatment ([Fig. 3](#f0015){ref-type="fig"}j). It was indicated that the TGF-β3-induced autophagosomes that fuse with lysosomes to form autolysosomes were inhibited by BafA1. Therefore, we revealed that TGF-β3 indeed stimulated autophagy because of an impaired autophagosome-lysosome fusion. To determine the effects of autophagy on TGF-β3 induced MUC5AC expression, we detected MUC5AC expression via immunofluorescence staining and tested the mRNA levels of *MUC5AC* in 16HBE cells stimulated with Baf A1 and TGF-β3. Surprisingly, 16HBE cells treated with Baf A1 significantly inhibited TGF-β3 induced MUC5AC expressions ([Fig. 3](#f0015){ref-type="fig"}l--n), confirming that autophagy flux was required for TGF-β3 induced mucus secretion.Fig. 3Autophagy is required for TGF-β3-induced elevated mucin MUC5AC levels in 16HBE cells. (a-b) 16HBE cells were transfected with ATG5-siRNA lentivirus. After treating the cells with TGF-β3 (10 ng/ml) for 24 h, ATG5, LC3B and SQSTM1 were detected by western blot. Relative changes in the density of LC3B II were detected. (c-d) 16HBE cells were transfected with BECN1-siRNA lentivirus. After treating the cells with TGF-β3 (10 ng/ml) for 24 h, BECN1, LC3B and SQSTM1 were detected by western blot. Relative changes in the density of LC3B II were detected. (e) Representative immunofluorescence images of TGF-β3-induced MUC5AC in 16HBE cells transduced with siRNA lentivirus were observed. (f) Quantitation of the fluorescence intensity of MUC5AC (each group n = 10 images for quantification). (g) 16HBE cells were transfected with ATG5-siRNA lentivirus or BECN1-siRNA, respectively. Real-time PCR was performed to detect the expression of *MUC5AC* gene after treated with TGF-β3 (10 ng/ml). (h-k) 16HBE cells were treated with TGF-β3 in the presence of 3-MA (h) or Baf A1 (j). Then, the expression of LC3B and SQSTM1 was detected using western blot assays. And relative changes in the density of LC3B II were detected. (l) Representative immunofluorescence images of TGF-β3-induced MUC5AC in 16HBE cells treated with 3-MA or Baf A1. (m) Quantitation of the fluorescence intensity of MUC5AC (each group n = 10 images for quantification). (n) Real-time PCR was performed in 16HBE cells to detect the expression of *MUC5AC* gene after treated with TGF-β3 (10 ng/ml) in the presence of 3-MA or Baf A1. Data are representative of three independent experiments and are presented as *means* *±* *s.d*. *\*P* *\<* *0.05, \*\*P* *\<* *0.01, \*\*\*P* *\<* *0.001,* determined by one-way ANOVA with Tukey-Kramer post-test.Fig. 3

3.4. Smad2/3 Pathway is Involved in TGF-β3 Induced Autophagy and MUC5AC Expression {#s0085}
----------------------------------------------------------------------------------

Our current study reported that TGF-β3 could activate autophagy in the airway epithelial cells accompanied by mucus hypersecretion. Next, we studied the exact mechanism of the process involved. Usually, TGF-β signals go downstream of Smad pathways, but this pathway was involved in the autophagy induction of TGF-β2 influencing glioma invasion and metabolism \[[@bb0150]\]. In the present study, we found that the levels of Smad2 and Smad3 phosphorylation were enhanced in response to TGF-β3 treatment in 16HBE cells ([Fig. 4](#f0020){ref-type="fig"}a). Hence, we used western blotting to investigate whether Smad2/3 pathway was involved in TGF-β3 induced autophagy activity. We analyzed LC3B II levels in Smad2/3-siRNA-transfected 16HBE cells in the presence of TGF-β3. Results showed that TGF-β3 increased LC3B II expression in wild-type Smad2 and Smad3 expressing 16HBE cells ([Fig. 4](#f0020){ref-type="fig"}a), while knock down of Smad2 and Smad3 blocked TGF-β3-induced LC3B II expression ([Fig. 4](#f0020){ref-type="fig"}a). To examine whether the autophagy elements such as ATG5 and BECN1 were affected by Smad2/3 pathway in 16HBE cells induced by TGF-β3, we analyzed ATG5 and BECN1 expression in Smad2/3-siRNA-transfected 16HBE cells. Consistent with the LC3B II levels, the levels of ATG5 and BECN1 also attenuated by blocking Smad2/3 siRNAs ([Fig. 4](#f0020){ref-type="fig"}a). To investigate whether Smad2 and Smad3 affect the autophagy, we used mCherry-EGFP-LC3 lentivirus to transfect 16HBE cells. Immunofluorescence staining of LC3 puncta showed that accumulation of autophagosomes was reduced in Smad2/3 siRNA transfected 16HBE cells induced by TGF-β3 compared to 16HBE cells induced by TGF-β3 only ([Fig. 4](#f0020){ref-type="fig"}c--d). These data strongly suggest that Smad2 and Smad3 participated in TGF-β3 induced autophagy pathway and affected autophagic pathway associated proteins such as ATG5 and BECN1. So, further discussion of the actual significance of Smad2 and Smad3 with MUC5AC expressions in 16HBE cells is warranted. According to our results, the mRNA levels of *MUC5AC* were decreased in the Smad2/3 siRNA transfected 16HBE cells stimulated with TGF-β3 ([Fig. 4](#f0020){ref-type="fig"}e). Furthermore, immunofluorescence staining revealed that MUC5AC protein was also significantly reduced in Smad2/3 siRNA transfected 16HBE cells ([Fig. 4](#f0020){ref-type="fig"}f-g). Collectively, these studies indicated that Smad2/3 pathway was involved in TGF-β3 induced MUC5AC hyper-expressions by promoting autophagy.Fig. 4Smad2/3 pathway is involved in TGF-β3 induced autophagy and MUC5AC. (a) 16HBE cells were transfected with Smad2/3-siRNA. After treating the cells with TGF-β3 (10 ng/ml) for 24 h, LC3B, BECN1, ATG5, phospho-Smad2, Smad2, phospho-Smad3 and Smad3 were detected by western blot. (b) Relative changes in the density of LC3B II were detected. (c) 16HBE cells that stably expressed mCherry-EGFP-LC3 fusion protein were transfected with Smad2/3-siRNA. After treating with TGF-β3 (10 ng/ml) for 24 h, autophagosomes were observed under confocal microscope (2000× magnification) in 16HBE cells. Bar scale, 5 mm. (d) Quantification of the number of LC3 puncta (each group n = 10 images for quantification). (e) 16HBE cells were transfected with Smad2/3-siRNA. Real-time PCR was performed to detect the expression of *MUC5AC* gene after treated with TGF-β3 (10 ng/ml). (f) Representative immunofluorescence images of TGF-β3-induced MUC5AC in 16HBE cells transfected with Smad2/3-siRNA. (g) Quantitation of the fluorescence intensity of MUC5AC (each group n = 10 images for quantification). Data are representative of three independent experiments and are presented as *means* *±* *s.d*. *\*P* *\<* *0.05, \*\*P* *\<* *0.01, \*\*\*P* *\<* *0.001,* determined by one-way ANOVA with Tukey-Kramer post-test.Fig. 4

3.5. TGF-β3-Induced Autophagy Contributed to Increased MUC5AC Production by Activating AP1 {#s0090}
------------------------------------------------------------------------------------------

Activating protein-1 (AP-1) is a transcription factor complex that consists of heterodimers or homodimers of Fos, Jun, ATF, and MAF protein families \[[@bb0195]\]. AP-1 is also known to mediate mucus production in Cigarette Smoke-Induced airway epithelium \[[@bb0095]\]. In the present study, we proved that the induction of p-c-jun by TGF-β3 is autophagy dependent ([Fig. 5](#f0025){ref-type="fig"}a--f). Since blocking autophagy elements of ATG5 or BECN1 could reduce the levels of c-jun phosphorylation induced by TGF-β3, indicating an important role of autophagy regulation of AP-1 activity in 16HBE cells induced by TGF-β3 ([Fig. 5](#f0025){ref-type="fig"}a--b). Then, we used autophagy inhibitor or lysosome inhibitor to further prove the effect of autophagy flux on the modulation of c-jun activity by TGF-β3. The induction of c-jun phosphorylation was inhibited by in addition of Baf A1 or 3-MA ([Fig. 5](#f0025){ref-type="fig"}c--d), demonstrating the blockage of autophagy activity and inhibition of autophalysosome suppressed TGF-β3-induced c-jun phosphorylation. According to the requirement for Smad2/3 in autophagy activation, we further investigated the effect of Smad2/3 on the phosphorylation levels of c-jun induced by TGF-β3. The results showed that genetic inhibition of Smad2/3 could down-regulate the phosphorylation levels of c-jun induced by TGF-β3 ([Fig. 5](#f0025){ref-type="fig"}e). In line with this, we further discussed whether the transcription factor AP-1 participated in autophagy-mediated MUC5AC expression in 16HBE cells induced by TGF-β3. In the study, we found that both the increased protein levels and mRNA levels of MUC5AC by TGF-β3 was reduced in c-jun siRNA transfected 16HBE cells ([Fig. 5](#f0025){ref-type="fig"}f--i). These results suggested that the activity of AP-1 is as a downstream regulator of TGF-β3/autophagy signaling pathway in modulating MUC5AC hyperexpression in 16HBE cells.Fig. 5TGF-β3-induced autophagy contributed to increased MUC5AC production by activating the AP1. (a-b) 16HBE cells were transduced with ATG5-siRNA lentivirus (a) and BECN1-siRNA lentivirus (b), respectively. After treating the cells with TGF-β3 (10 ng/ml) for 24 h, phospho-c-Jun and c-Jun were detected by western blot. (c-d) 16HBE cells were treated with TGF-β3 in the presence of 3-MA (c) or Baf A1 (d). Then, the expression of phospho-c-Jun and c-Jun were detected using western blot assay. (e) 16HBE cells were transfected with Smad2/3-siRNA. After treating the cells with TGF-β3 (10 ng/ml) for 24 h, phospho-c-Jun and c-Jun were detected by western blot. (f) 16HBE cells were transfected with c-Jun-siRNA, after treating with TGF-β3 (10 ng/ml) for 24 h, and then phospho-c-Jun and c-Jun were detected by western blot. (g) Representative immunofluorescence images of TGF-β3-induced MUC5AC in 16HBE cells were transfected with c-Jun-siRNA. (h) Quantitation of fluorescence intensity of MUC5AC (each group n = 10 images for quantification). (i) 16HBE cells were transfected with c-Jun-siRNA. Real-time PCR was performed to detect the expression of *MUC5AC* gene after treated with TGF-β3 (10 ng/ml). Data are representative of the three independent experiments and are presented as *means* *±* *s.d*. *\*P* *\<* *0.05, \*\*P* *\<* *0.01, \*\*\*P* *\<* *0.001,* determined by one-way ANOVA with Tukey-Kramer post-test.Fig. 5

4. Discussion {#s0095}
=============

Autophagy plays an essential role in numerous lung diseases including chronic obstructive pulmonary disease (COPD), acute lung injury (ALI) and pulmonary infectious diseases \[[@bb0200]\]. At present, more attention should be paid on the pathological process of asthma. In our present study, we demonstrated that autophagy was important for bronchial epithelial mucus production in OVA-induced allergic mice and TGF-β3-induced mucus hyper-production in 16HBE cells. TGF-β3 exposure initially triggered Smad2/3 phosphorylation and subsequently elicited autophagy, regulating MUC5AC expression through the activation of transcription factor AP-1. Our results revealed that autophagy plays a vital role in TGF-β3-induced MUC5AC expression in the airway epithelium ([Fig. 6](#f0030){ref-type="fig"}).Fig. 6Schematic diagram of the mechanisms of Smad2/3-dependent autophagy in the regulation of TGF-β3-induced MUC5AC in airway epithelial cells. TGF-β3 exposure initially triggered Smad2/3 phosphorylation and subsequently elicited autophagy, promoting MUC5AC expression through activation of AP-1 transcription factor.Fig. 6

Autophagy of airway cells plays an important role in the pathogenesis of COPD including exuberant mucus production, inflammatory responses, oxidative injury and endoplasmic reticulum (ER) stress responses \[[@bb0205]\]. A couple of studies have demonstrated autophagy mediated regulation of mucus secretion \[[@bb0100], [@bb0110]\]. Autophagy-related genes deficiency displayed a markedly reduced number of goblet cells and attenuated the levels of MUC5AC in response to cigarette smoke exposure \[[@bb0095]\]. In this study, we inactivated autophagy using 3-MA to examine the role of autophagy in airway hyper-response, airway inflammation and airway mucus secretion in allergen-induced mice. Compared with OVA treated mice, the presence of OVA and 3-MA treated mice exhibited decreased airway hyper-response and airway inflammation, diminishing airway epithelial expression of mucus and Muc5ac. According to the latest research, Follistatin-like 1 (FSTL1) may induce EMT and airway remodeling by activating autophagy \[[@bb0210]\]. And IL-13 activated autophagy in airway epithelial cells to regulate MUC5AC secretion \[[@bb0100]\]. However, the mechanism affecting the autophagy of epithelial cells has not been elucidated in asthma.

Cytokine regulation of autophagy occurs widely. IL-13, a Th2-type cytokines, was elevated in asthma, inducing autophagy regulation of airway epithelial mucus production \[[@bb0100]\]. TGF-β1 is one of the known isoforms that promote EMT resulting in airway remodeling \[[@bb0215]\]. Epithelial TGF-β2 expression levels were increased and were significantly correlated with mucin expression \[[@bb0080]\], and promoted glioma cell invasion though regulation of autophagy \[[@bb0150]\]. Whereas, TGF-β3 expression levels were increased in the epithelial biopsy tissues of repeated OVA-induced mice in the present study, which was consistent with increased autophagy-related genes and mucus secretion. Thus, we used 16HBE cells exposed to TGF-β3 to uncover the phenomenon whether TGF-β3 induced autophagy activity and regulated MUC5AC expression in epithelial cells. Chemical inhibitor of autophagy significantly reduced TGF-β3-induced expression of MUC5AC in 16HBE cells. Whereas interference of the autophagic flux with Baf A1 accumulated autophagosomes and intriguingly attenuated MUC5AC hyper-expression. Autophagy-related (Atg) proteins are involved in autophagosome formation and these are dependent on each other for the recruitment of autophagosomes \[[@bb0220], [@bb0225]\]. The most studied Atg proteins were BECN1, ATG5 and ATG7 and are involved in the activation of autophagosome formation \[[@bb0230]\]. Beclin1 and ATG5 affected airway inflammation in asthma \[[@bb0175]\]. In the study, TGF-β3 exposure induced a significant elevation of Atg protein expression including BECN1 and ATG5, except for SQSTM1 which was reported to bind to LC3 and preferentially degraded by autophagy \[[@bb0235], [@bb0240]\]. Genetic blockage of Atg proteins exhibited a decrease of MUC5AC expression and diminished LC3B II puncta. Thus, these results support that TGF-β3 could induce autophagy and autophagic flux, which are required for TGF-β3-induced MUC5AC hyper-expression.

Previous study indicated that TGF-β-induced autophagy was regulated by Disabled-2 (Dab2) \[[@bb0245]\]. Mir-34a inhibited macroautophagy activation by directly targeting Smad4 through TGF-β/Smad4 pathway \[[@bb0250]\]. TGF-β could activate p38 MAP kinase to mediate Smad-independent TGF-β responses \[[@bb0255]\]. TGF-β1 induces autophagy in mouse mesangial cells via TAK1-MKK3-p38 signaling pathway \[[@bb0260]\]. The expression levels of phosphorylated Smad2 in bronchial biopsy were elevated and were clearly correlated with airway remodeling in asthmatic individuals \[[@bb0265]\]. Collectively, previous studies urged us to investigate the mechanisms of TGF-β3 mediating autophagy activity and mucus hyper-secretion. In our study, knock down of Smad2/3 blocked TGF-β3 induced autophagy activity and MUC5AC expression in 16HBE cells. TGF-β3 exposure to 16HBE cells significantly aggregated Smad2/3 phosphorylation and Atg proteins expression, which simultaneously exhibited elevated LC3 puncta and MUC5AC expression. Therefore, these results indicated that TGF-β3-induced autophagy activity was Smad2/3 signaling dependent.

Accumulated studies showed that autophagy could induce mucus production through activation of AP-1 \[[@bb0095], [@bb0110]\]. AP-1 activation by oxidative stress in alveolar epithelial cells may be considered as a potential mechanism in the gene transcription of lung inflammation \[[@bb0270]\]. Airway mucus hypersecretion of severe pneumonia induced by respiratory virus (RSV) might be corrected by the activation of JNK/AP-1 signaling pathway \[[@bb0275]\]. We further showed that autophagy activity and autolysosomes regulated MUC5AC expression via triggering AP-1 in human bronchial epithelial cells. Down-regulation of ATG protein and inhibition of autophagy decreased c-jun phosphorylation, whereas knock down of c-jun ameliorated TGF-β3 induced MUC5AC expression in 16HBE cells. Collectively, all the above results suggest that autophagy activity and autophagy flux plays a regulatory role of TGF-β3-induced MUC5AC hyper-expression in 16HBE cells.

Our observations have suggested that autophagy is considered as an important aspect of biological effects of TGF-β3 in modulating airway mucus hyper-secretion. Moreover, in this study we find evidence supporting in the contribution of ameliorating airway mucous accumulation by targeting inhibition of autophagy.
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